It has been postulated from the study of yielding and strain ageing of metals that dislocations in alloys attract solute atoms and form an atmosphere of the atoms around each of the dislocations (Cottrell, 1948) . This solute atmosphere caused by a dislocation is often called Cottrell atmosphere.
The concentration of the Cottrell atmosphere was theoretically predicted to be dependent on the size and rigidity effects by the solute and solvent atoms in the case of edge dislocation, and on the rigidity effect in the case of screw dislocation (Hirth and Lothe, 1968) .
No direct observation of the Cottrell atmosphere has been reported, though a cathodeluminescence image of dislocations in Te-doped GaAs was claimed as an evidence of the Cottrell atmosphere in it (bolt, 1976) . The main situation that has hampered the direct observation of the atmosphere is undoubtedly its smallness which was beyond the reach of the techniques of chemical analysis in the past.
As for silicate solid solutions such as olivine and pyroxene, the Cottrell atmosphere has been neither experimentally nor theoretically treated.
In the present study of fine textures of olivine, we have succeeded in making a direct observation of the Cottrell atmosphere in natural and synthetic olivines by means of a transmission electron microscope equipped with analytical facilities. Experimental.
Specimens of olivine were collected from rocks of uppermantle origins (nodules in basalt flow in San Carlos, and nodules in kimberlite at Buell Park), from ultra-mafic intrusive rocks (a dunite mass from Mt. Higashi Akaishi, central Shikoku and a peridotite mass from Iwanai-lake, Hokkaido), and from Ni-Mg synthetics.
Thin foil specimens were prepared by crushing and ion-thinning these ohvines. The specimens were studied by a high-resolution 200 kV transmission electron microscope (HITACHI H-700H) with an energy dispersive X-ray analyser (hereafter called ATEM) following the technique by Morimoto and Kitamura (1981) . Isolated dislocations in subgrains were mainly studied in search of Cottrell atmospheres irrespective of their orientations to the foil surfaces. Composition ratios of the solute and solvent components were obtained at and near the dislocations by the ATEM. In order to distinguish between edge and screw dislocations, the Burgers vector b was determined for a dislocation as far as practicable by the invisibility criteria, g. b=0 and g. b x u=0, where g and u represent the operating reflection and the dislocation direction, respectively.
In order to examine closely the level of significance for the concentration ratios of the solute and solvent components observed at dislocations, the F-test in statistics was applied to the observed values from each dislocation area.
Results.
In the specimen of Mt. Higashi Akaishi, two among 16 edge dis-locations in different areas were shown to have significant Cottrell atmospheres of fayalite component by the F-test. Fig. 1 is one of the cases where a single edge dislocation running parallel to the surface of the specimen shows a significant Cottrell atmosphere. The solute concentration in fayalite (Fa) mole percent is Fa11.3 at the edge dislocation and Fag 1-Fa10.4 at the adjacent dislocation-free area. Examination of the solute concentrations at edge dislocations in the other natural specimens gave much the same result as that in the specimen of Mt. Higashi Akaishi.
For the synthetic Ni-Mg olivine, specimens with Ni-rich and Mg-rich bulk compositions were examined to elucidate the effect of exchange of the solute and solvent components.
In both specimens, the enrichment of solute components at edge dislocations was observed. Table I shows the result of the F-test for the edge dislocations examined in all the natural and synthetic specimens. Among 71 edge dislocations altogether, seven dislocations showed the concentration of the solute component with the significant level of one percent and five dislocations with the significant level of five percent. Thus, about 15% of the edge dislocations observed indicated the existence of Cottrell atmosphere with high probabilities.
On the other hand, no significant deficiency of the solute component, such as with the significant level of less than five percent, was observed in all the remaining 59 dislocations. On the basis of these findings, it was concluded that the Cottrell atmosphere was for the first time observed in crystals by the ATEM method.
In two specimens, one from Mt. Higashi Akaishi and the other from synthetic olivine, 16 dislocations were identified to be of the screw type. They were examined for the Cottrell atmosphere similarly to the edge dislocations. The F-test of their ATEM analysis revealed that none but one was associated with a significant Cottrell atmosphere, and the exceptional one was found to be not a pure screw dislocation but of a mixed type. Therefore, pure screw dislocations in olivine are considered to have no significant Cottrell atmosphere. This fact indicates that the size difference between the solute atom and the solvent atom is mainly responsible for the formation of the Cottrell atmosphere in olivine.
The present success of direct observation of the Cottrell atmosphere must be ascribed first of all to the presence of the long Burgers vector in olivine which is almost twice as long as that of metal alloys. Secondly, it is due to a large difference of about six percent in molar volume between the solute component and the solvent component.
Because of these two factors, the long Burgers vector and the large molar volume difference, a dense Cottrell atmosphere takes place in a wide region around each edge dislocation.
The long Burgers vector requires a large Peierls force for the movement of the dislocation, and the dense Cottrell atmosphere further retards the movement by its resistant force. Thus, both the dense Cottrell atmosphere and the difficulty in movement of dislocations in olivine seem to have contributed to our success of direct observation of the Cottrell atmosphere.
Geological implications. Because the upper mantle can be rheologically treated to be composed of Mg-Fe olivine of Fo$5-Fo95 in composition (Ashby and Verral, 1978) , plastic deformation of olivine plays the principal role in the deformation behavior of that part of the earth, which is of great importance in plate tectonics. A dominant mechanism of the plastic deformation of olivine in the upper mantle is considered to be the dislocation creep (cf. Kirby, 1983) . Therefore, many creep experiments have been carried out in laboratories for the understanding of the movement of dislocations in olivine. In the experiments where strain rates are higher than those in natural deformation, dislocations seem to move rapidly whether Cottrell atmospheres are present or not. However, in the plastic deformation of olivine in the upper mantle, the strain rate is very low and dislocations move slowly in the presence of Cottrell atmospheres.
Therefore, the results of creep experiments on olivine must be applied to the interpretation of the actual deformation process of the Two kinds of olivine with different compositions, porphyroclastic olivine (Fo9~) and matrix olivine (Fo91), in the dunite in Mt. Higashi Akaishi have been considered to be the products at two stages of different temperatures, each stage being responsible for the formation of each of these two (Toriumi, 1978) . Because of our discovery of the Cottrell atmosphere in olivine, however, we could mention the possibility of an alternative interpretation ; these two olivines are the products at one and the same stage, and the difference in chemical composition between the two is the result of the difference in the density of dislocations.
